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Abstract 
Radiosurgery to the pulmonary vein antrum in the left atrium (LA) has recently been proposed for non-invasive 
treatment of atrial fibrillation (AF). Precise real-time target localization during treatment is necessary due to 
complex respiratory and cardiac motion and high radiation doses. To determine the 3D position of the LA for 
motion compensation during radiosurgery, a tracking method based on orthogonal real-time MRI planes was 
developed for AF treatments with an MRI-guided radiotherapy system. 
Four healthy volunteers underwent cardiac MRI of the LA. Contractile motion was quantified on 3D LA models 
derived from 4D scans with 10 phases acquired in end-exhalation. Three localization strategies were developed 
and tested retrospectively on 2D real-time scans (sagittal, temporal resolution 100 ms, free breathing). The best-
performing method was then used to measure 3D target positions in 2D–2D orthogonal planes (sagittal-coronal, 
temporal resolution 200–252 ms, free breathing) in 20 configurations of a digital phantom and in the volunteer 
data. The 3D target localization accuracy was quantified in the phantom and qualitatively assessed in the real 
data. 
Mean cardiac contraction was  ≤  3.9 mm between maximum dilation and contraction but anisotropic. A 
template matching approach with two distinct template phases and ECG-based selection yielded the highest 2D 
accuracy of 1.2 mm. 3D target localization showed a mean error of 3.2 mm in the customized digital phantoms. 
Our algorithms were successfully applied to the 2D–2D volunteer data in which we measured a mean 3D LA 
motion extent of 16.5 mm (SI), 5.8 mm (AP) and 3.1 mm (LR). 
Real-time target localization on orthogonal MRI planes was successfully implemented for highly deformable 
targets treated in cardiac radiosurgery. The developed method measures target shifts caused by respiration and 
cardiac contraction. If the detected motion can be compensated accordingly, an MRI-guided radiotherapy 
system could potentially enable completely non-invasive treatment of AF. 
1. Introduction 
Over 10% of global deaths are caused by stroke (Mathers and Loncar 2006). Atrial fibrillation (AF) is the most 
common cardiac arrhythmia and the single most relevant risk factor, responsible for at least one in every five 
strokes. Estimates suggest that over 6 million Europeans and up to 7 million Americans suffer from AF—
numbers that are expected to increase exponentially over the next 40 years (Ball et al 2013). About one in four 
people will develop AF over the course of their lives. 
AF is caused by aberrant electrical impulses originating mostly from the pulmonary veins entering the left 
atrium (LA). Catheter ablation is a well-established yet highly complex and time-consuming treatment approach 
associated with substantial costs for the health system (Huang and Wood 2011, January et al 2014). Since 2010, 
several animal studies and two human treatments have reported on the feasibility of causing cardiac scar tissue 
non-invasively with radiosurgery (Sharma et al 2010, Maguire et al 2012, Gardner et al 2012, Blanck et 
al 2014, Cvek et al 2014, Bode et al 2015, Loo et al 2015). Among these, one porcine study (Blanck et al 2014, 
Bode et al 2015) did not utilize active motion compensation which led to a decreased accuracy during treatment 
delivery while the others used a robotic radiosurgery system which involved the surgical implantation of 
radiopaque surrogate markers into the heart—clearly undermining the desired non-invasiveness of radiosurgery 
for AF and increasing the risk of side effects prior to the procedure. All previous studies largely lacked real-
time motion information for continuous target tracking and motion compensation. 
Recent innovation in the integration of MRI guidance into radiotherapy has demonstrated the feasibility to 
visualize and follow three-dimensional (3D) organ motion (Crijns et al 2012, Bjerre et al 2013, Tryggestad et al 
2013, Yun et al 2013, Brix et al 2014). There are several approaches under development to integrate MRI with 
linear accelerators (MRI-Linacs) (Lagendijk et al 2008, Fallone 2014, Keall et al 2014) while patients are 
already being treated by the ViewRay system using Cobalt sources (ViewRay Inc., Bedford, OH) (Mutic and 
Dempsey 2014). 
Due to these recent developments we believe that MRI-guided radiotherapy can hold the potential for real-time 
tracking of cardiac contraction and respiratory motion to adjust the treatment beam accordingly and thus cause 
cardiac scar tissue with high precision to treat AF. In our previous treatment planning study, we investigated the 
impact of varying margin sizes on the dose distributions and assessed the extent of expected rigid target motion 
in 2D MRI planes (Ipsen et al 2014). The purpose of this work is to investigate the contractile component of the 
target motion and to demonstrate the feasibility of detecting the 3D position of a moving and deforming cardiac 
target in orthogonal real-time MRI. To date, no entirely non-invasive localization method for cardiac targets for 
the purpose of motion compensation during radiosurgery exists. 
 
2. Methods and materials 
2.1. Image data acquisition 
2.1.1. Volunteer data. 
Four male, healthy volunteers underwent cardiac MRI scans on a 3T Magnetom Skyra (Siemens Healthcare, 
Erlangen, Germany) using an 18-channel long body-coil and a fast steady-state free precession sequence 
(TrueFISP). All scans were acquired successively within one imaging session using the acquisition parameters 
summarized in table 1. 
The 4D scans cover the LA with 10–15 sagittal slices and were used for quantification of LA motion and for 
template generation. Each slice was acquired in end-exhalation using retrospective ECG-binning to reconstruct 
10 cardiac phases. Phase-sorting of the image data leads to 10 volumetric 3D scans showing the LA in different 
stages of contraction. Real-time scans were continuously acquired during free breathing and positioned at the 
LA center to capture respiratory and contractile motion. The single-plane sagittal scans (2D-rt) were used for 
comparing the accuracies of different 2D matching strategies. The best-performing approach was then 
qualitatively tested for 3D target localization on the dual-plane orthogonal scans (2D–2D-rt) acquired in an 
interleaved order (i.e. sagittal-coronal-sagittal ...) using visual inspection by superimposing the target 
delineation on the MRI slices according to the estimated translation. 
2.1.2. Phantom data. 
Since a quantitative evaluation of the 3D matching accuracy could not be performed on the real data because the 
true position of the target volume center is not known, we used the XCAT digital phantom with known physical 
parameters (Segars et al 2010) for tracking simulation. The XCAT is a whole-body computer model of the 
human anatomy that can simulate realistic respiration and cardiac contraction patterns and allows modification 
of various parameters (e.g. intensity values, organ trajectories). We generated 20 phantom configurations using 
intensity values from our 2D–2D-rt volunteer scans for simulation of MRI data and defined the extent and rate 
of LA respiratory and contractile motion according to the statistical distributions observed in the volunteers and 
in the literature (Hudsmith et al 2005, Ector et al 2008). 
2.2. Target localization in real-time MRI 
Real-time detection of the LA in MRI for motion compensation follows the workflow shown in figure 1. In this 
study, we quantified the extent of LA motion and developed and compared three different 3D localization 
strategies to account for the measured cardiac target motion. 
2.2.1. Target delineation and contraction estimation. 
The cardiac 4D scans were re-ordered into ten 3D volumes (one per phase). The LA was delineated on each 
phase of the sagittal 4D MRI, resulting in 10 volumetric models of the LA comprised of successive 2D contours 
(see figure 1). Manual contouring of the LA was guided by a clinical expert experienced in cardiac imaging. For 
cardiac contraction assessment, LA models showing extreme phases of the cardiac cycle were compared 
(maximum dilation  =  diastole, maximum contraction  =  systole). Since treatment planning is mainly done on 
3D scans triggered for late (end-)diastole, this phase was also used for comparison. The minimum distance 
 from each point (d1, ..., dM) on the diastole surfaces to all the points sj on the systole surface was calculated to 
determine the mean Euclidean distance 
 
over all measured shortest distances. In addition, the Hausdorff distance (HD) 
 
was determined for each diastole–systole surface pair to reveal anisotropic motion. These distances were 
calculated globally for the 3D volumes (MED/HDLA) and also locally for the slices located at the left and right 
pulmonary vein antrum (MED/HDLPV,RPV). Negative distances were defined as an inward-facing vectors from 
the diastole to systole surface. 
2.3. Localizing cardiac targets in 3D using template matching 
Template matching is a computationally efficient and widely used feature detection strategy where a template 
image T showing the desired object is moved successively over a larger target image to calculate the similarity 
between T and the current target-sub-image Xj. The final detected template position is the one with the highest 
similarity value (see figure 1). As suggested in a previous study on target localization in MRI by Cerviño et 
al(2011), Pearson's correlation coefficient 
 
was chosen as similarity measure for robust template matching in MRI. 
2.3.1. 2D to 3D template matching. 
Due to long image acquisition and reconstruction times (200–250 ms per plane in this study), real-time 4D MRI 
data which would ideally be used for 3D tracking cannot yet be provided by conventional scanners. A 
compromise is to match a 3D template to two sequentially acquired orthogonal 2D real-time planes in sagittal 
and coronal orientation. As demonstrated by Bjerre et al (2013), a 3D target position can be determined as 
follows: 
1.  The intersection point of the orthogonal planes is defined as the isocenter of the scanner and the template is 
moved relative to this central location in discrete voxel-sized steps. 
2.  Each (SI, AP, LR)-shift relative to the isocenter corresponds to a template slice pair in sagittal and coronal 
direction. The similarity between the current template slice and the MRI target plane is calculated and stored in 
a 3D similarity matrix. 
3.  After the similarities for all reachable shifts have been calculated, the position with the highest similarity 
value is chosen as the final target location. 
This approach was working under the assumption of local rigidity. To account for the rapid changes in target 
appearance due to cardiac contraction, the original method was modified substantially regarding the utilized 
template type, the matching scheme and the search window. We developed and tested three different matching 
approaches with increasing complexity to determine the best-performing approach for 3D target localization in 
real data: 
Diastole template: The 3D diastole scan reconstructed from the 4D MRI scans was used for template creation. 
Alternatively, a 3D scan acquired within a single breath-hold using prospective triggering for late diastole could 
be used for this template. Diastole is the longest phase of the cardiac cycle and the heart remains relatively 
immobile in this phase. However, a rigid diastole template does not account for target deformation caused by 
contraction. 
Mean-phase template: A mean-phase volume was created by summing up all ten 3D LA phases and dividing 
them by the number of phases. This rigid template is similar to the average intensity projection (AIP) commonly 
used for lung tumors as it incorporates a temporal average of target deformation (Cai et al 2008). In contrast to 
the standard AIP, the mean-phase cardiac template summarizes the cardiac cycle does not include respiratory 
motion. 
Multiple templates with ECG-based selection: Multi-template matching has first been introduced by Cui et 
al(2007) who also investigated different template matching approaches but applied them to lung tumors in 
fluoroscopic images. In contrast to their study, our MRI-based workflow uses volumetric 3D templates and 
acquires true anatomical slices, i.e. no projection images, in real-time. Two distinct 3D templates for systole 
(Tsys) and diastole (Tdia) were chosen. Based on the ECG signal acquired simultaneously with the images, the 
template representing the current cardiac phase to be used for the actual matching is selected (see figure 2). The 
trigger events provided by the scanner, i.e. the distinct R-waves of the cardiac cycle, can be used to distinguish 
between cardiac phases. Based on experimental observations, bin boundaries were defined surrounding the 
trigger events. If an image is acquired inside the systole bin following a trigger event, Tsys will be selected for 
matching, Tdia otherwise. This strategy distinguishes between different deformation phases of the target by using 
the ECG-surrogate for 3D template selection, differentiating our approach from previous work (e.g. Cui et 
al 2007, Cerviño et al 2011, Bjerre et al 2013). 
A periodically contracting target exacerbates the detection of through-plane motion since both motion types can 
lead to similar changes in target appearance, e.g. a smaller cross-section. To solve this problem, AP and LR 
shifts were determined only when they could be measured in-plane, i.e. AP on sagittal and LR on coronal slices 
(see figure 3). The measured AP position in the sagittal plane was used to select the corresponding template 
slice index for the following coronal matching, LR accordingly. The SI target position was always derived from 
the current plane. 
As a final addition to the previous method, a dynamic search window surrounding the previous detected 
position was integrated to prevent the detection of peripheral local minima. It is based on the empirical 
observation that natural target motion is relatively smooth, i.e. no sudden jumps occur. In contrast, previous 
studies used a static search space to limit the possible target locations (Cerviño et al 2011, Bjerre et al 2013). 
2.3.2. Tracking accuracy assessment. 
To select the best-performing matching strategy, manually delineated 2D real-time scans were used as a ground 
truth for accuracy assessment similar to the study by Cui et al (2007). Accordingly, manual delineation was 
guided by a clinical expert and yielded the ground truth positions on the 2D scans in this study. A sagittal slice 
orientation was chosen due to the clear visibility of the LA boundaries, facilitating delineation with minimal 
intra- and inter-observer variability. The mean Euclidean distance from ground truth to template matching 
positions was calculated over 200 acquired frames per volunteer. 
Since there is no real-time 4D MRI data, a 3D ground truth required for accuracy quantification cannot be 
obtained by manual delineation. Instead of approximating the 3D position from two 2D contours on the 
orthogonal planes as proposed by Cui et al (2007), digital 4D phantoms were generated for analysis. The 
phantom LA was assigned an intensity value ILA unique to this structure. Thus, the 3D ground truth position of 
the LA could easily be calculated as the centroid of the ILA-voxels in each frame. The mean Euclidean distance 
from the 3D ground truth position to the target location determined with the developed MRI tracking method 
was calculated. 
Real 2D–2D-rt volunteer data finally served as a qualitative proof-of-principle where matching results were 
visually inspected and computation times measured. The experiments were run in Matlab R2014b on an Intel 
Core™ i7-4700MQ CPU @ 2.40 GHz. 
3. Results 
3.1. Cardiac contractile motion 
The mean euclidean distance MEDLA (±SD) from the LA model surface of maximum diastole to systole 
was  −3.9  ±  0.6 mm, ranging from  −3.3 to  −4.5 mm. From end-diastole to systole, 
MEDLA was  −2.4  ±  0.5 mm. Additional to the global 3D MEDLA, the local properties MEDRPV and 
MEDLPV were calculated for the approximated slice location of the right and left pulmonary vein antrum, the 
targets for AF ablation. The mean inward contraction relative to maximum diastole (end-diastole) 
was  −3.3  ±  1.2 mm (−1.5  ±  1.1 mm) and  −3.0  ±  0.9 mm (−1.8  ±  0.3 mm) for left and right antrum, 
respectively. Additionally, an anisotropy of contraction was observed, being much more pronounced at the 
anterior and inferior LA (see figure 4). The mean Hausdorff distances, i.e. the maximum wall displacements, 
were  −10.3  ±  1.8 mm (HDLA), −10.5  ±  1.7 mm (HDLPV) and  −9.2  ±  2.2 mm (HDRPV). 
 
3.2. Tracking accuracy 
The resulting target centroid trajectories for one volunteer as well as a probability map of the target position 
over the entire real-time scan are shown in figure 4. The dark red area contains the target in 100% of the frames, 
dark blue in 0%. The size of the region with a probability  >0% is the effective tracking volume and measured 
86 mm in SI and 43 mm in AP direction in this case. The trajectories show that target motion is composed of a 
low frequency component, the respiratory motion, and a high frequency component, representing the cardiac 
cycle. The amplitude of both components is higher in SI compared to AP. 
The tracking error in the sagittal 2D experiments was investigated for three different template selection 
strategies. As shown in table 2, a single diastole template led to a mean tracking error of 3.2 mm while the 
mean-phase template achieved 2.5 mm. The dual-phase ECG-guided approach with separate templates for 
systole and diastole performed best with sub-pixel accuracy (1.2 mm  <  1.4 mm pixel size) and the smallest 
variation. 
The ECG-guided method was then applied to the 3D scenario with orthogonal 2D planes. First, the LA was 
tracked in 20 digital phantoms with 2 mm voxel size to quantify the 3D accuracy. The mean 3D error over all 
phantoms was 3.2  ±  1.7 mm. The ground truth and matching trajectories for one phantom are shown in 
figure 5 and two simulated MRI frames with successful LA matches in figure 6. In a final test, the 3D matching 
was performed on orthogonal real-time MRI planes in real volunteer data. The method was able to detect the 
LA in all frames (see figure 6 for example frames with superimposed LA positions). The average matching 
speed was 100.8 ms for 3D target localization. The mean extent of respiratory motion measured with the 
developed technique over all volunteers was 16.5  ±  8.0 mm in SI, 5.8  ±  3.5 mm in AP and 3.1  ±  1.1 mm in 
LR. 
 
4. Discussion and conclusions 
For the purpose of causing cardiac scar tissue with high-precision radiosurgery to treat atrial fibrillation (AF), a 
novel real-time tracking method was developed for prospective use in an MRI-Linac. To determine the 3D 
position of the left atrium (LA), a 3D template is selected based on an ECG surrogate signal and matched to two 
orthogonal 2D real-time MRI planes acquired in an interleaved order. Due to the ambiguity of target contraction 
and through-plane motion, a modified updating scheme was developed where AP and LR positions were only 
updated when measured in-plane, i.e. every second frame. Positions in SI, being the direction of largest motion, 
were updated every frame and thus showed the lowest errors. In contrast to previous studies on AF radiosurgery 
(Sharma et al 2010, Maguire et al 2012, Gardner et al 2012, Blanck et al 2014, Cvek et al 2014, Loo et 
al 2015), our method is entirely non-invasive, free from imaging dose and does not rely on surrogate markers or 
correlation models to determine the target position. 
4.1. Target motion quantification 
We observed an anisotropy of contraction and a concomitant displacement of up to 12.3 mm for the anterior LA 
between systole and diastole. Patel et al (2008) measured 8.8 mm by analyzing similar MRI scans of AF 
patients with impaired contraction which likely caused the lower magnitude. They also investigated the mean 
contraction of the distal pulmonary veins to be 2.4 mm compared to this study's 3.0/3.3 mm at the antrum level 
(the target area for AF radiosurgery), showing the increasing contractile motion closer to the LA. The extent 
and direction of cardiac contraction was similar in all four volunteers. 
Our target localization method was able to detect the 3D LA position in real-time 2D–2D volunteer data, 
capturing respiratory motion of 16.5 mm (SI), 5.8 mm (AP) and 3.1 mm (LR), equal to a 3D vector length of 
17.8 mm. Ector et al (2008) found respiration-induced 3D motion vectors of 19.1 mm for the distal pulmonary 
veins, a slightly higher value likely due to a closer proximity to the lungs. The measured extent of 3D LA 
motion is also slightly larger than the results of our previous study (Ipsen et al 2014) where we measured LA 
motion on single 2D cine MRI planes (10.2 mm SI, 2.4 mm AP, 2.0 mm LR). Most likely the pronounced inter- 
and intra-session variability in breathing patterns, being a common issue in motion compensation 
(Malinowski et al 2012), led to these differences and also to the relatively high standard deviations in our 
current measurements. In contrast to the contractile component, breathing motion is not nearly as reproducible 
since our data was acquired during free breathing without any commands or training. 
These findings emphasize the need for motion compensation, especially with radiosensitive organs-at-risk like 
the esophagus in direct proximity. Our preliminary treatment planning study (Ipsen et al 2014) suggested that 
even in an 'ideal' patient with a relatively large distance between the esophagus and the targets, the margin size 
should not exceed 5 mm in order to achieve a sufficiently high target dose and critical organ sparing in a single-
fraction treatment with 30 Gy to the PTV. Margins  <  5 mm can only be achieved when target motion is 
compensated for in real-time, an internal target volume (ITV) approach is not feasible with the measured 
motion extent. Previous studies with robotic radiosurgery systems generally used correlation-based motion 
compensation by inserting a catheter into the heart which can be detected with kV-imaging—undermining the 
idea of a non-invasive treatment. They added conventional 5 mm isotropic margins to account for errors and 
prescribed 25 Gy to the PTV. However, our most recent animal studies for AF suggest that doses over 30 Gy 
might be needed for the treatment to be effective (Blanck et al 2014, Werner et al 2014). They also offer a 
thorough clinical discussion of AF radiosurgery which is beyond the scope of this paper focusing on the 
technical aspects of MRI tracking. 
4.2. Tracking algorithm performance 
The surrogate-supported 3D template matching approach with two template phases (systole, diastole) and an 
ECG-guided selection accounts best for deformation and therefore leads to the highest accuracy of 1.2 mm in 
the 2D volunteer data (1.4 mm pixel size). An accuracy of less than 1 mm was reported by Cerviño et al (2011) 
performing 2D template matching with a single template in real-time MRI and by Cui et al (2007) using 
multiple 2D templates for 3D tracking in fluoroscopic images. The proposed methods used a ground truth 
derived from manual expert target localization in 2D images, covering only rigid translations and containing no 
information on the actual 3D position of the volumetric target center. Fluoroscopy also has the inherent 
drawback of additional radiation exposure usually prohibiting continuous imaging. A mean 3D error of 
1.15 mm was reported by Bjerre et al (2013) for kidney tracking in real-time MRI when comparing their 
algorithm to manually delineated 3D breath-hold scans with 1.04 mm voxel size. In our study, manual 
delineation for ground truth generation was solely used in 2D data for selection of the best-performing template 
type as the LA is easily identifiable in sagittal MRI scans and showed low intra-observer variability in 
preliminary experiments. 
To quantify the true 3D tracking accuracy, digital phantoms were used as they provide a highly reproducible yet 
temporally resolved ground truth. The resulting mean 3D error of 3.2 mm measured in 20 digital phantom 
configurations was higher than the errors reported by Bjerre et al (2013) which were in the range of 1 cine-MRI 
voxel. Possible factors that contributed to the higher localization error in our study are the more complex 
tracking task with a rapidly deforming target, the smaller template size and the lower spatial resolution, their 
specific impact requiring further investigation. Preliminary simulations with a higher spatial resolution (1 mm³) 
showed almost no improvement in the tracking accuracy, suggesting that this might not be the main 
contributing factor. It should also be noted that the previous study determined the tracking accuracy only on two 
static breathing phases as no ground truth covering the entire breathing cycle was available, thus limiting the 
comparability of the study results. For comparison, robotic radiosurgery systems that are currently used for 
extra-cranial targets, e.g. in liver and lung, were found to have a similar accuracy of 3–5 mm given all errors in 
beam delivery, motion modeling and uncompensated residual motion (e.g. Pepin et al 2011, Winter et al 2015). 
While the accuracy of our approach is comparable (3.2 mm in 3D, 1–2 mm in each direction), our experiments 
did not cover the entire treatment delivery chain but were limited to the target localization. Further 
investigations are required to determine the overall accuracy of our developed technique in an MR-guided 
radiotherapy system. Another important aspect to note is that the LA must be considered a motion surrogate for 
the actual radiation targets, the antra of the pulmonary veins. Ector et al (2008) found differential motion 
between the left and right pulmonary veins of 2.6  ±  1.4 mm which could lead to a surrogate-to-target tracking 
error when tracking the entire LA. However, we hypothesize that the accuracy of our method could be sufficient 
to reduce the margin size below 5 mm and thus might allow a completely non-invasive AF treatment with 
acceptable esophageal sparing. To prove this, further treatment planning and margin simulation studies are 
needed. 
Theoretically, our phase-dependent method could facilitate dynamic deformation compensation, e.g. with MLC 
tracking (Poulsen et al 2012, Ge et al 2014) or ECG-based cardiac gating (Wang et al 2007). To overcome the 
limitations of the image acquisition latency, the cardiac phase could be determined from the ECG itself with 
much faster processing times. The main advantage in contrast to breathing motion is the relative stability and 
reproducibility of cardiac contraction, making compensation techniques more reliable. It should be noted that a 
combined gating approach (cardiac  +  respiratory) could be feasible and relatively easy to implement but would 
reduce the duty cycle of the treatment substantially. Nevertheless, the dosimetric benefit of contraction 
compensation has yet to be determined. A recent dose accumulation study showed that combining respiratory 
and cardiac motion into a rigid motion model can lead to good dosimetric agreement (Werner et al 2014). It 
might therefore be sufficient to implement rigid MLC tracking with our method accounting for respiration- and 
contraction-induced LA shifts alike. In another study by Teo et al (2009), the uncertainties from 10 mm cardiac 
contraction could be compensated with only 1–2 mm margins due to the relative stability of the targets for most 
of the cardiac cycle (during end-diastole). 
It should be noted that apart from its applicability in non-invasive arrhythmia treatments, the developed tracking 
method could be applied to other radiosurgical treatment sites or even MRI-guided interventions. The ECG-
integration makes it especially useful for regions affected by pulsatile motion, e.g. tumors close to the heart or 
adjacent to major vessels. Depending on the compatibility of the ECG electrodes and leads with radiotherapy 
equipment it would also be possible to use pulse oximetry on a fingertip as a surrogate signal. Pulse oximetry is 
already being used in cardiac MRI and it provides sufficient information on the cardiac cycle for template 
selection. Extending the approach by Cui et al (2007), the phase-dependent 3D template selection could also be 
adapted to respiratory motion where the phase would be derived from a surrogate signal, e.g. MRI navigator 
signal, respiratory belt or spirometer. For respiratory motion, the temporal constraints on computation times and 
mechanical latencies are much lower than for cardiac contraction and therefore errors are expected to be lower. 
4.3. Limitations 
Limitations of this study are the small sample size and the lack of real AF patient data. To test the applicability 
of our tracking method in arrhythmic conditions, imaging studies with patients undergoing AF ablation are 
under investigation. While the respiratory patterns are expected to be similar in AF patients, the sinus rhythm is 
disturbed and could impair the ECG-based template selection. However, since the LA shows very fast 
contraction with minimal extent during an AF episode we suspect a less complex localization compared to 
healthy volunteers. Another limitation of the tracking study is the scan acquisition on a 3 T MRI scanner 
whereas the future MRI-Linac will operate at a field strength of 1 T. Lower field strengths will lead to a much 
lower signal-to-noise ratio (SNR) and less contrast. Yet, the ViewRay system is capable of generating images 
for real-time guidance at only 0.35 T. While the SNR decreases, artifacts caused by susceptibility will be 
minimized. Since these artifacts were a considerable problem in our cardiac imaging studies, a lower field 
strength might even prove to be beneficial. 
Probably the main limiting factor for the developed tracking method is the overall system latency, especially the 
acquisition time of MRI. While this was not a major concern for tracking of respiration-induced motion in 
previous studies, the higher frequency of cardiac motion requires a much lower latency to achieve the same 
accuracy. With a heartbeat duration of 800–1000 ms, an imaging time of 250 ms means that two subsequent 
frames likely appear in different cardiac phases leading to higher matching errors. Acceleration methods for 
MRI (e.g. Feng et al 2013, Usman et al 2013, Tolouee et al 2015) and sophisticated prediction algorithms 
(Ernst et al 2011) are being extensively investigated and will largely benefit the task of real-time MRI guidance 
for use in MRI-guided radiotherapy. 
4.4. Conclusion 
The presented experimental data was limited to a feasibility study and represents an early step in the 
development of a truly non-invasive radiosurgical treatment of atrial fibrillation using an MRI-guided 
radiotherapy system. However, our results warrant further development towards real-time motion compensation 
and in vivo studies to investigate the potential of non-invasive MRI-guided cardiac radiosurgery. 
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Table 1: MRI acquisition paprameters for 4D and 2D real-time (rt) scans in a single and two orthogonal planes. 
 
_________________ 
Parameter 4D 2D-rt 2D–2D-rt orthogonal 
Scan type 
TrueFISP TrueFISP TrueFISP 
Retrospective 
sorting 
Continuous 
acquisition Continuous acquisition 
Scan direction Sagittal Sagittal Sagittal and coronal 
Respiratory state 
End-
Exhalation 
Free 
breathing Free breathing 
Echo time (TE) 1.5 ms 1.5 ms 1.3–1.5 ms 
Repetition time (TR) 41.5 ms 102 ms 51–72 ms 
Slice thickness 5 mm 6 mm 6 mm 
In-plane voxel size 1.3 mm 1.4 mm 2 mm 
Field-of-view (FOV) (282 mm)² (326 mm)² (326–370 mm)² 
Temporal resolution 85–100 ms 100 ms 200–252 ms 
Number of slices 10–15 1 2 
Frames per slice 10 200 100 
 
 
 
 
 
 
 
 
  
Table 2. Mean tracking errors and standard deviations of different matching strategies in four volunteers (2D) 
and in 20 digital phantom configurations (3D). 
 
Data type 
Voxel 
size 
Temporal 
resolution 
per plane 
Template 
type 
S-I error 
Mean  ±  SD 
in mm 
A-P error 
Mean  ±  SD 
in mm 
L-R error 
Mean  ±  SD 
in mm 
Error 
vector 
in mm 
2D 
volunteers 
1.4 
mm 100 ms Diastole 2.4  ±  1.9 0.2  ±  2.0 — 
3.2 
(2D) 
Sagittal     Mean-phase 0.8  ±  1.8 0.3  ±  2.5 — 
2.5 
(2D) 
      
Dual-
phase  +  ECG 0.6  ±  0.6 0.3  ±  1.2 — 
1.2 
(2D) 
2D–2D 
phantoms 
sagittal-
coronal 
2 
mm 200 ms 
Dual-
phase  +  ECG 1.3  ±  0.9 1.4  ±  0.9 2.2  ±  1.8 
3.2 
(3D) 
 
 
 
 
 
 
 
Figure 1 Real-time target localization workflow for the left atrium (LA). By selecting the appropriate pre-
defined template phase (left) based on the ECG signal and matching it to the real-time MRI planes during 
treatment (right), the LA target position is determined and can be used for motion compensation, e.g. tracking 
or gating. 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
  
Figure 2. Principle of ECG-based template selection. The target image was acquired within the pre-defined 
diastole window based on its distance from the preceding trigger event (green triangle). Accordingly, the 
diastole template will be used for target localization. Note the ECG distortion due to the magnetic field. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Figure 3. 3D localization principle on orthogonal 2D real-time planes. The two successive slices are used for 
template matching where SI is updated on every frame, AP only on sagittal and LR on coronal planes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
Figure 4. Ground truth trajectory (left) and probability map (right) of the LA in a sagittal 2D real-time MRI 
scan with 200 frames. LA motion is composed of two components: low frequency respiratory and high 
frequency contractile motion. Contraction was found to be anisotropic, with highest extent in the anterior and 
inferior LA. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 5. LA ground truth motion in a digital phantom (black) and detected target positions using template 
matching (red). 
 
 
 
  
  
 
Figure 6. Successful 3D matching in a digital phantom and in patient anatomical data with LA delineated in 
blue. The artefacts in the coronal patient data, caused by the limited FOV and the associated sub-sampling, did 
not affect the tracking performance since they were located solely at the image borders. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
